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In this paper, we report on the metal-semiconductor transition behavior observed in transparent and 
conducting ZnO:Ga films grown by pulsed-laser deposition. The electrical resistivity measurements 
were carried out on ZnO films with varying Ga concentration in the temperature range of 
14 to 300 K. The electrical properties were correlated with film structure, and detailed structural 
characterization was performed using x-ray diffraction, transmission electron microscopy, and x-ray 
photoelectron spectroscopy. The room-temperature resistivity of these films was found to decrease 
with Ga concentration up to 5% Ga, and then increase. The lowest value of resistivity (1.4 
X IO""4 f i cm) was found at 5% Ga. Temperature dependent resistivity measurements showed a 
metal-semiconductor transition, which is rationalized by localization of degenerate electrons. A 
linear variation of conductivity with \ ! t  below the transition temperature suggests that the 
degenerate electrons are in a weak-localization regime. It was also found that the transition 
temperature is dependent on the Ga concentration and is related to the increase in disorder induced 
by dopant addition. The results of this research help to understand the additional effects of dopant 
addition on transport characteristics of transparent conducting oxides (TCOs) and are critical to 
further improvement and optimization of TCO properties. © 2006 American Institute o f  Physics. 
[DOI; 10.1063/1.2218466]
INTRODUCTION
Transparent conducting oxides (TCOs) have found ap­
plications in several optoelectronic devices such as light 
emitting diodes (LEDs), solar cells, and flat panels as well as 
flexible displays. 1'2 Indium tin oxide (ITO) is the most com­
monly used TCO for these applications because of its high 
transmittance in the visible region and a resistivity close to
1.0 X IO""4 f i cm .2'3 However, high cost and scarce resources 
of In limit its usage in these devices. The demand for the 
above-mentioned applications and devices is increasing con­
tinuously and has led researchers to explore alternative ma­
terials for the TCO applications. Some of the TCOs which 
have shown transmittance and resistivity values close to 
those of ITO are ZnO:Ga, ZnO:Al, Cd,Sn04, F:SnO ?, and3—8 , *"N b;T i02.' Among these, ZnO is the most favorable mate­
rial because of its benign nature and relatively low cost.4” 6 
Therefore, there is a considerable interest in understanding 
the electrical and transport properties of doped ZnO films, 
which is critical for further improvement of TCO character­
istics. It has been suggested that in case of TCOs, electron 
scattering is mainly caused by ionized impurities, grain 
boundaries and lattice vibrations.9“ ’2 Several models have 
been proposed to predict the limits for the lowest values of 
resistivity and mobility based on the prominent scattering 
mechanism. ,2“ 14 However, additional effects on the electrical 
properties, such as localization, related to the disorder in­
duced by ionized impurities in TCOs have not been ad­
dressed adequately. Although there have been a few reports
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about the observation of weak localization in degenerate 
TCO films due to disorder, all of these reports are associated 
with amorphous TCOs. 15' 16 In our recent work, we have
shown that such phenomena are operative in crystalline
17TCOs as well. In this paper, we report the observation of a 
metal-semiconductor transition and discuss the mechanism 
in terms of localization caused by the disorder induced by Ga 
dopants in ZnO films. In order to understand the fundamen­
tals of the observed transition, we have investigated the ef­
fect of dopant concentration on the temperature dependence 
of electrical properties. We present optical, structural, chemi­
cal, and electrical property measurements to understand in­
teresting characteristics of Ga:ZnO films. The metal- 
semiconductor transition temperature, which is related to the 
degree of disorder, is found to be dependent on dopant con­
centration in TCO films. This study suggests a need to incor­
porate secondary scattering effects associated with the dop­
ant induced disorder in models used to predict the limits of 
the physical properties of TCOs.
EXPERIMENTAL DETAILS
Ga doped ZnO films were grown on c plane (0001) of
sapphire single crystal substrates by a pulsed-laser deposition
18technique. The ZnO targets doped with different concentra­
tions (2 -7  at. %) of gallium were prepared by a conven­
tional solid state reaction technique. A pulsed KrF excimer 
laser with a wavelength of 248 nm was used for ablation. 
The energy density of the laser beam was varied from 
4 to 7 J/cm 2 with a repetition rate of 10 Hz. The chamber 
was evacuated to a base pressure of 1 X IO''"3 torr, and the 
deposition was carried out at 2 X IO'”2 torr of oxygen pres­
sure. The deposition was performed in the temperature range
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MG. 1. XRD of ZnO films with different concentrations o f Ga deposited at 
4(X) °C  and 2 X 10~2 torr o f oxygen pressure.
of 400-450 °C for 12 min. Deposition temperature was se­
lected such that the films grew epitaxially with minimal dop­
ant segregation. For a comparison of electrical and optical 
properties, single crystal epitaxial films with varying concen­
tration of Ga were grown. For x-ray diffraction (XRD), 
0-20 scans of the films were carried out using a Rigaku x-ray 
diffractometer with C u /fa  radiation (X=1.54 A) and a Ni 
filter. A JEOL-2010 field emission transmission electron mi­
croscope (TEM) with a Gatan image filter (GIF) attachment 
was used to perform detailed structural characterization of 
the films. Chemical analysis of the films was done using 
x-ray photoelectron spectroscopy (XPS) with a Riber LAS- 
3000 instrument with a Mg K a  x-ray source. Analysis of the 
oxidation states from the spectrum was performed by decon­
volution using a Shirley routine and a Casa software. 19 The 
values corresponding to the C l s  peak were used as a refer­
ence for the curve fitting analysis. Optical measurements (ab­
sorption and transmission) were made using a Hitachi 
U-3010 spectrophotometer, while the electrical resistivity 
was measured using the four-point probe technique. The 
electrical resistivity was measured in the temperature range 
of 15-300 K as a function of Ga concentration to establish 
structure-property correlations.
RESULTS AND DISCUSSION 
Structural characterization
Figure 1 shows XRD results (0-20 scans) of the films 
with different concentrations of Ga grown at 400 °C and 2 
X 10""2 torr. These patterns show that the films are highly 
textured along the c axis which is designated as the (0006) 
peak of sapphire. The absence of additional peaks in the 
XRD pattern excludes the possibility of any extra phases 
and/or large-size precipitates in the films. Detailed TEM 
analysis was performed using X-sectioned samples to further 
analyze microstructure and epitaxial characteristics. Figure 
2(a) is a high resolution TEM (HRTEM) image of a 
ZnfjcjsGafjosO sample, from which it can be seen that the film 
has grown epitaxially on a (0 0 0 1 ) sapphire substrate. 
The film is free of any nanosized clusters or precipitates, 
which might have been difficult to detect by XRD. Similar 
observations were found for ZnO films doped with other
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MG. 2. (a) HRTEM of the interface. The inset shows the SAED pattern, (b) 
Survey XPS spectrum from the surface of /n G a ttusO film deposited at 
4(X) °C and 2.4X  Hr2 torr. The inset shows the high resolution spectrum of 
the Ga 2p  peaks.
concentrations of Ga. A selected area electron diffraction 
(SAED) pattern taken from the interface is shown as an inset 
in Fig. 2(a), from which we can determine the following 
epitaxial relationship: (0 0 0 2 )y||(0 0 0 2 )s, (2 1 1 0 )j||(0 l f 0 )s, and
(0110)yll(2110)s. This epitaxial relationship corresponds to a 
30° or 90° rotation in the basal plane of the sapphire (0001) 
substrate. The epitaxy in such a large (16%) misfit system 
occurs as a result of domain matching epitaxy, where integral 
multiples of planes match across the film substrate 
interface.20 In the present case six (01 fO)j planes of the film 
match with seven (2 1 1 0 ), planes of the sapphire substrate. 
Chemical analysis of these films was performed using XPS 
to determine the extent and nature of Ga solubility in ZnO. 
From a high resolution XPS spectrum shown in Fig. 2(b), the 
positions of Ga 2py2 ar>d Ga 2p l/2 peaks were found to be at
1119.0 and 1146.2 eV, respectively. These peak positions are 
in good agreement with the previously reported values,21 
which suggests that Ga exists as Ga3+. The absence of any 
Ga clusters as determined from the HRTEM and XRD analy­
ses indicates that Ga3+ occupies Zn substitutional sites and, 
therefore, can act as an effective donor.
Electrical and optical properties
The effect of doping was studied by measuring the elec­
trical and optical properties of the films with different con­
centrations of Ga. Figure 3 shows the effect of film compo­
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FIG. 3. Plot of resistivity vs temperature for (a) undoped ZnO film, (b) Zn0.9sGa0.0QO, (c) Ziin^Gaonj^O, M) Zn« i^Gan.osO, and (e) Znft9jGao.o70-
sition on the temperature dependence of resistivity for Ga 
doped ZnO films. Figures 3(a)-3(e) correspond to gallium 
concentrations of 0%, 2%, 3.65%, 5%, and 7%, respectively. 
Pure ZnO shows relatively high resistivity at room tempera­
ture (RT) and a negative temperature coefficient of resistivity 
(TCR), characteristic of semiconducting behavior. However, 
with the addition of Ga, the RT values of resistivity decrease 
by two to three orders of magnitude. It can be seen from 
Figs. 3(b)-3(e), that the RT resistivity decreases continu­
ously as the Ga concentration is increased up to 5%, beyond 
which the resistivity was found to increase again. The values 
of resistivity for different Ga doped ZnO films are listed in 
Table I. The increase in conductivity can be explained by the 
increase in carrier concentration due to Ga addition. The in-
TABLE I, List of values of resistivity and the metal-semiconductor transi­
tion temperature of ZnO films with varying Ga concentrations.
% Ga
Resistivity 
(II cm) (measured) (K)




0 2.59 X 10-'
2 4.71 X 1(T4 93 1.33 92
3.65 4.29 X KT4 135 1.10 134
5 1.40 X 10- 4 170 0.98 171
7 2.57X IO’ 3
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localized. In the weakly localized regime, electrical conduc-
. . . .  . . - 1 6  >7tivity is given by the expression ' ”
!!IG. 4. Transmission spectra o f films with different concentrations o f Ga.
creased carrier concentration also leads to a metallic behav­
ior at temperatures closer to the ambient temperature, which 
is not observed in pure ZnO. Metallic conductivity is ob­
served in samples containing 2%, 3.65%, and 5% Ga due to 
the formation of a degenerate band appearing in heavily 
doped semiconductors, as suggested by Mott.“  The increase 
in carrier concentration is also consistent with the optical 
results, as shown in Fig. 4. This figure illustrates transmis­
sion spectra of ZnO films with different concentrations of 
Ga. The absorption edge shows a continuous shift towards 
higher energy with the increase in Ga concentration accord-■JA
ing to the Burnstein-Moss effect."'" The shifts observed in 
the transmission spectra are in good agreement with obser­
vations reported by other researchers.5 Photoluminescence 
measurements also showed similar peak shifts, further 
strengthening our supposition that the carrier concentration is 
increased by Ga addition, thus lowering the resistivity of 
ZnO films. Although Ga increases the carrier concentration 
and conductivity in ZnO, it also tends to affect the carrier 
transport, as is evident at lower temperatures. From Figs. 
3(b)—3(d) it can be seen that a minimum in resistivity is 
observed at low temperatures for samples containing 2 %, 
3.65%, and 5% Ga, respectively. The transition from metallic 
to semiconductor behavior suggests that more than one com­
peting mechanisms are operative. The negative TCR ob­
served below the transition temperature (Tc) indicates local­
ization of electrons.25 A detailed analysis was performed to 
understand the exact nature of the interactions occurring at 
lower temperatures. If the electrons are localized due to a 
strong interaction, similar to the Anderson localization, the 
conduction occurs by thermally activated motion, which is 
known as the variable range hopping (VRH) mechanism. 
The conductivity in this case is given by the expression'25.26
a  = A  exp(- B!Tm ), (1)
where B = 4E /(kBTm ), E is the activation energy, and A is a 
preexponential constant. The conductivity data correspond­
ing to Figs. 3(b)—3(e) showed a decent fit to the above ex­
pression for temperatures below the transition, and the values 
of activation energy calculated from the slope were found to 
be on the order of a few meV (2% Ga=0.026 meV, 3.65% 
Ga=0.05 meV, 5% Ga=0.18 meV, and 7% 
Ga=0.422 meV). These values are extremely small com­
pared to kT, which suggests that the conduction does not 
occur by activated motion and electrons seem to be weakly
a=  a B (2)
where u B is the Boltzmann's conductivity, C is a constant of 
the order 1, / is the mean free path, and Lt is the inelastic 
diffusion length equal to Also, since Tjal/T , Lj
= (fiD/kBT)u2, which leads to <jaTil2. In a system with dis­
order, localization occurs due to the constructive interference 
of scattered electrons, which decreases the conductivity.
In Eq. (2), the term [C/(kFl)2] ( l - l /L j )  represents the 
reduction in localization caused by the constructive interfer­
ence of scattered electrons. The term inside the bracket sig­
nifies that Lj decreases with an increase in temperature due to 
increased inelastic scattering and tends to increase the con­
ductivity, thus leading to the negative TCR. Figure 5(a) is a 
plot of conductivity versus \!t  for the sample containing 5% 
Ga. The constant slope suggests that the conductivity is gov­
erned by weak localization at lower temperatures. A similar 
behavior can be seen in Figs. 5(b), 3(c), and 3(d) correspond­
ing to the Zn0 98Ga0 02O, ZnQ 9g3^GaQ 036^0, and Zsiu q^Gau 07O 
compositions, respectively. At higher temperatures, Ga 
doped ZnO is degenerate and shows a metallic behavior 
where the conductivity is dominated by phonon scattering. 
However, as the temperature decreases, L, increases, and 
when Lj is equal to the distance between the Ga atoms (dG:i), 
electrons start to interfere constructively. This leads to local­
ization of electrons, and the term represented inside the 
bracket in Eq. (2) tends to dominate the conductivity. Thus, 
at temperatures above Tc, electrons can be considered to be 
completely delocalized, leading to metallic conductivity, 
which is characteristic of a degenerate semiconductor. Also, 
it can be observed from Figs. 3(b)—3(d) that as the dopant 
concentration increased, the transition temperature increased 
and electron localization shifted toward higher temperatures. 
This can be explained by considering the increase in disorder 
caused by the dopant addition. As the amount of Ga in­
creases, the distance between the dopant atoms decreases, 
leading to an increase in disorder and causing the electrons 
to interfere at shorter values of L h thus increasing the tem­
perature at which localization occurs. To verify this we cal­
culated the transition temperature using the relation L t 
= (hD lkBT)il2, where /., was taken to be equal to the distance 
between the dopant atoms for a given concentration (<afGa 
= /VGa,/3). The temperatures calculated using the above for­
mula were found to be in close agreement with the experi­
mentally observed values of Tc, which further substantiates 
our explanation. All the values calculated for different con­
centrations of Ga have been tabulated in Table I. For a 
sample with 7% Ga, no transition is observed, and it shows 
only a negative TCR in the temperature range of 14-300 K. 
In addition, it also shows a considerably higher value of 
resistivity at RT, as compared to other Ga doped ZnO films. 
Although the data still obeys the temperature dependence 
given by Eq. (2), the increased RT value of resistivity indi­
cates that the system is driven towards the strong-
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FIG. 5. Plot of <r vs \ T  at temperatures below the transition for (a) Z 1io.9gGao.0 2O, M  (c) ^•’o.mG^o.o.sO, and (d) Zn0 .9 jGa0 .07O.
localization regime as the disorder due to Ga atoms is in­
creased beyond a critical limit, which in this case is found to 
be close to 5%.
CONCLUSION
In summary, we have grown epitaxial ZnO films doped 
with Ga on single crystal (0001) sapphire substrates and in­
vestigated the effect of Ga addition on transport properties of 
these films. Room-temperature resistivities of the films were 
found to decrease with an increase in Ga concentration up to 
5% Ga, which showed the lowest value of resistivity. De­
tailed cross-sectional TEM studies confirmed the epitaxial 
nature of the films and also suggested the absence of extra 
phases and/or nanoclusters. XPS analysis revealed that Ga is 
present as Ga3+ and, therefore, can act as an effective donor. 
The epitaxial nature of the films minimizes the scattering due 
to defects and facilitates the identification of conduction 
mechanisms. The temperature dependent resistivity of these 
films showed a metal-semiconductor transition, which indi­
cates that secondary scattering effects such as localization 
due to disorder induced by dopant addition are important in 
crystalline TCOs. A linear variation of conductivity with \!t  
below the transition temperature suggests that the degenerate 
electrons are in a weak-localization regime. The metal- 
semiconductor transition temperature was found to be depen­
dent on the dopant concentration in the ZnO and was related 
to the increase in disorder induced by Ga atoms. When the 
concentration of Ga was increased beyond 5%, the films 
show only negative TCR and an increase in RT resistivity,
which indicates that the system is driven further towards the 
strong-localization regime. Thus, we have shown that highly 
conducting and transparent ZnO:Ga films can be grown on 
sapphire at 400 °C and the conductivity can be controlled by 
the dopant concentration. Additional effects of dopants on 
transport characteristics were also found from our tempera­
ture dependent study of electrical properties, resulting in a 
better understanding of the conduction mechanisms in TCOs. 
Such studies are likely to aid further optimization of the 
properties of TCOs and to highlight the need to incorporate 
secondary scattering effects associated with dopant induced 
disorder in the models used to predict the limits of the physi­
cal properties of TCOs.
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